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Although aquatic bacteria are assumed to be nutrient-rich, they out-compete other foodweb 
osmotrophs for nitrogen (N) and phosphorus (P) an apparent contradiction to resource ratio 
theory. This paradox could be resolved if aquatic bacteria were demonstrated to be nutrient-
poor relative other portions of the planktonic food web. In a survey of >120 lakes in the upper 
Midwest of the USA, the nutrient content of bacteria was lower than previously reported 
and very similar to the Redfield ratio, with a mean biomass composition of 102:12:1 (C:N:P). 
Individual freshwater bacterial isolates grown under P-limiting and P-replete conditions had even 
higher C:P and N:P ratios with a mean community biomass composition ratio of 875C:179N:1P 
suggesting that individual strains can be extremely nutrient-poor, especially with respect to P . 
Cell-specific measurements of individual cells from one lake confirmed that low P content could 
be observed at the community level in natural systems with a mean biomass composition of 
259C:69N:1P . Variability in bacterial stoichiometry is typically not recognized in the literature as 
most studies assume constant and nutrient-rich bacterial biomass composition. We present 
evidence that bacteria can be extremely P-poor in individual systems and in culture, suggesting 
that bacteria in freshwater ecosystems can either play a role as regenerators or consumers 
of inorganic nutrients and that this role could switch depending on the relationship between 
bacterial biomass stoichiometry and resource stoichiometry.  This ability to switch roles between 
nutrient retention and regeneration likely facilitates processing of terrestrial organic matter 
in lakes and rivers and has important implications for a wide range of bacterially mediated 
biogeochemical processes.
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50 to >90% of nutrient uptake at ambient levels. Second, meas-
urements of bacterial biomass demonstrated that these organisms 
were nutrient-rich relative to other components of the plankton 
(Bratbak, 1985; Fagerbakke et al., 1996). Nonetheless, most stud-
ies of the elemental content of aquatic and soil bacteria have been 
done with cultured organisms and primarily focused on carbon and 
nitrogen, with less emphasis on P (Goldman et al., 1987).
To our knowledge, no comprehensive study has ever examined 
the in situ elemental content of Bacteria and Archaea (hereafter “bac-
teria”) in either marine or freshwater systems. Here, we decided to 
address two important questions regarding the elemental composi-
tion of bacteria in aquatic systems. First, are bacteria nutrient-rich, 
i.e., are N and P content greater than that predicted by the Redfield 
ratio (106C:16N:1P; molar ratio)? Second, are bacteria more N- and 
P-rich than other components in the planktonic food web, i.e., phyto-
plankton and seston, etc.? We addressed these questions using a sur-
vey of over 120 lakes in the upper Midwest, USA, and bacterial isolates 
from a subset of these lakes grown at multiple resource ratios.
Materials and Methods
During the summers of 2000 and 2001, we sampled 128 lakes in 
the upper Midwest, USA. in the vicinity of five different biologi-
cal field station sites [north-central Minnesota, Itasca Biological 
Station and Laboratories (University of Minnesota); northeastern 
introduction
Freshwater bacteria play a major role in decomposing organic mat-
ter that is produced by autotrophs in both terrestrial and aquatic 
systems. Although much work has addressed the importance of 
physical (temperature, moisture, etc.) and chemical (lignin con-
tent, N and P content) properties that affect decomposition rates 
(Benner et al., 1984; Pomeroy and Deibel, 1986; Enriquez et al., 
1993), little is known about how microbial biomass stoichiometry 
might interact with some of these variables.
If bacterial biomass is nutrient-poor relative to the organic 
matter they decompose, they could act as a positive feedback to 
primary production due to their relatively high metabolic rates 
and increased nutrient regeneration rates. Alternatively, they could 
be a nutrient sink if their biomass is nutrient-rich as hypothesized 
by the “microbial loop” hypothesis several decades ago (Pomeroy, 
1974; Azam et al., 1983). While many models have been developed 
to address this issue (e.g., Loreau, 2001), few actual measurements 
have been made in natural systems.
The basis for the idea of nutrient-rich bacteria was twofold. 
First, numerous tracer measurements in marine, terrestrial, and 
freshwater ecosystems demonstrated that bacteria are the dominant 
competitors for dissolved inorganic nutrients such as N and P at low 
concentrations (Currie and Kalff, 1984; Cotner and Wetzel, 1992). 
In most cases, these organisms were responsible for anywhere from Frontiers in Microbiology  |  Aquatic Microbiology    December 2010  | Volume 1  | Article 132  |  2
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this liquid culture was then used to seed chemostat experimental 
units. Prior to experiments, the maximum growth rate (μmax) of 
individual strains on nutrient-rich defined media was determined 
by measuring the change in biomass (optical density at 600 nm) in 
batch cultures over a 24–36 h period and chemostat dilution rates 
set at 25% μmax for each isolate.
cheMostat experiMents
Unreplicated chemostat experiments were conducted using isolates 
to explore the response of bacterial biomass C, N, P, across a gradi-
ent of resource C:P. The P concentration of defined liquid culture 
media was modified to achieve resource C:P ratios of 10, 25, 50, 
100, 250, 500, 750, 1000, 2500, and 5000. Chemostat dilution rates 
were set at 25% μmax for each isolate. Chemostats were sampled and 
analyzed for PC, PN, and PP as described above.
Using sub-fractions of the lake seston can be problematic for 
estimating bacterial biomass composition due to interferences 
from other food web components (phytoplankton, small zoo-
plankton) and detritus. Therefore, we used X-ray microanalysis 
in one freshwater system (Lake Myravatnet, Bergen, Norway) to 
compare it to our other results. Lake water was collected from 
the  nearshore  region  and  transported  to  the  Department  of 
Microbiology at the University of Bergen where the analyses 
were performed. We added nutrients to whole lake water and 
incubated for 2 days to examine short-term variability in nutri-
ent composition, i.e., before the community composition would 
have changed considerably.
After water was collected on August 31, 2005 sub-samples were 
placed in 100 mL Erlenmeyer flasks and enriched with either 
(a) glucose (170 μM final concentration), (b) NH4Cl (320 μM 
final concentration), (c) KH2PO4 (20 μM final concentration), 
(d) no nutrients (control), or (e) all nutrients at the same final 
concentrations to give a C:N:P of 50:16:1. Enrichment cultures 
were incubated in the dark at ambient temperature (20°C) for 
2 days and sub-samples were removed for X-ray microanalysis 
using the methods of Norland et al. (1995). Briefly, unpreserved 
bacterial cells and particles (10 mL) were removed by centrifuga-
tion directly onto Al grid (100 mesh, Agar Scientific) supported 
with a carbon coated Formvar film. We used a Beckman ultra-
centrifuge equipped with a swing out bucket rotor (SW 41). 
After harvesting, excess water was removed and the cells were 
air-dried and analyzed. For X-ray microanalysis of single cells 
we used a Philips CM 200 electron microscope equipped with 
EDAX detector DX-4 supported with SIS soft imaging software. 
Analyses were run at 80 kV accelerating voltage and at spot size 
3 (14-nm probe size). The carbon content of the Formvar film 
was estimated on each grid and the content of individual cells 
was corrected appropriately.
In all, we analyzed over 130 cells and we did not observe any 
consistent differences among the different treatments discussed 
above (t-test; p > 0.05). Therefore, all of the treatments were pooled 
for the present analyses.
Literature analyses
To address the relevance of our results to those of others in both 
freshwater and marine systems, we conducted an analysis of lit-
erature data to determine the mean stoichiometric composition 
Minnesota, Ely Field Station (University of Minnesota–Duluth); 
Twin Cities, University of Minnesota-Twin Cities; southwestern 
Michigan, Kellogg Biological Station (Michigan State University); 
eastern South Dakota, Oak Lake Biological Research Station (South 
Dakota State University]. In addition to this survey, we cultured 
bacteria from some of these lakes that had been isolated to evalu-
ate biomass stoichiometry at defined growth rates. All lakes were 
sampled with a Van Dorn bottle in the mixed layer at the deepest 
point in the lake or in the approximate center when maximum 
depth was not known. Water samples were returned to the labora-
tory in a cooler at lake temperatures and processed and/or preserved 
within 8 h.
To examine bacterial and total seston stoichiometry, lake water 
samples were pre-filtered through a either a 147 mm 1-μm polycar-
bonate filter (bacteria) at low pressure (<100 mm Hg) or through 
80 μm mesh netting (seston) and subsequently particles that passed 
these filters were collected on pre-combusted GF/F filters for analy-
ses (CHN and particulate P). Past work has shown that GF/F filters 
with a nominal cutoff of 0.7 μm do not collect all of the bacteria 
in lake and ocean water samples with estimates of those passing 
through varying from 10 to 40%. Also, pre-filtering is known to 
omit some of the largest bacteria and particularly those associated 
with particles (Nagata, 1986; Cho and Azam, 1988). Nonetheless, 
using this approach enabled efficient sampling of a greater number 
of lakes. Our past work in similar systems (Biddanda et al., 2001) 
demonstrated that typically more than 95% of the bacteria passed 
through 1 μm pore-size filters. Filters used for P analysis were acid-
rinsed (1% HCl) prior to filtration and when necessary, particles 
on filters were rinsed with dilute HCl to remove carbonates (MI, 
SD). Subsequently, filters were dried (∼60°C) overnight and then 
kept in a desiccator in individual tinfoil envelopes until analysis. 
CHN samples were analyzed using a Perkin Elmer CHN analyzer or 
from a calibrated algorithm developed for use with a near infrared 
spectrum (NIRS) system (Hood et al., 2006). Particulate phos-
phorus samples were digested using acid persulfate and analyzed 
spectrophotometrically (APHA, 1992). We report all element ratios 
as molar ratios.
Bacterial cultures were established by streaking water samples 
onto undefined culture media (Difco nutrient agar, or LB agar). 
Individual colonies were harvested from plates, and transferred 
onto a new plate 2–3 times to isolate individual bacterial strains. 
Isolates were identified by 16S rRNA gene sequences as described 
previously (Ghosh and LaPara, 2007). Isolates were transferred to 
plates containing defined, nutrient-rich (C:P = 10) culture media 
(Tanner, 2007), then grown to their maximum density on the 
same media in liquid form. Stock samples were collected from 
liquid cultures and stored (−80°C with 15% glycerol) for later use 
in experiments.
Prior to experiments, a single isolate stock was thawed and 
streaked onto a plate containing nutrient-rich, defined culture 
media. Cultures were grown at 25°C until visible growth occurred 
and were then refrigerated for no more than 90 days. We chose six 
phylogenetically diverse isolates (Aeromonas sp., Flavobacterium 
spp. (two strains), Cellvibrio gilvus, Cellulomonas cellulans, and 
Arthrobacter sp.) for experimentation. For all experiments, a sin-
gle colony was extracted from a plate and grown for 24–36 h in 
defined, nutrient-rich (C:P = 10), liquid media. One milliliter of www.frontiersin.org  December 2010  | Volume 1  | Article 132  |  3
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strains isolated from these lakes were able to achieve biomass 
C:N:P values similar to those we observed for whole communi-
ties in lake water samples. The results indicated that the bacterial 
size-fraction was typically more P-rich than the six strains that 
were isolated from freshwater systems (Figure 2). Collectively, 
grown under both P-replete and P-deplete conditions, the iso-
lates had a mean C:N less than that observed for lake bacteria 
(5.7 vs. 7.3, respectively) with a slope not significantly differ-
ent than 1. However, the intercepts of the C vs. P and N vs. P 
plots indicated that all of these strains were low in P relative to 
the lake communities (Tables 1 and 2). The mean C:P inter-
cept of these strains was 865:1 and the mean N:P was 179:1 
and in both cases the slopes were less than 1 (0.71 and 0.73 for 
C:P and N:P, respectively), similar to the observations in lake 
bacterial communities.
For a single lake we used X-ray microanalysis to determine 
individual  cell  bacterial  biomass  stoichiometry.  The  results  of 
observations of >130 bacteria indicated that the bacteria in Lake 
Myravatnet were definitely depleted in P, as we observed with pure 
cultures, but not as much. The C:N ratio was lowest in these bac-
teria (4.7) but similar to that observed with the pure cultures and 
the slope did not differ from 1 (Figure 3). The P content of these 
organisms was very low relative to the Redfield ratio, with a C:P 
ratio of 259:1 and a N:P of 69:1. Interestingly, the slopes of all three 
plots were not significantly different from 1, suggesting that C, N, 
and P were not allocated differently relative to each other along 
the axes in this one lake.
Finally, we examined the frequency distributions of the bacteria 
from both the upper Midwest survey and those from the X-ray microa-
nalysis experiment. Despite the fact that they were collected from dif-
ferent systems and used different analyses, they showed similar patterns 
(Figure 4). In both cases, the C:N distribution differed from the C:P and 
N:P distribution in that there were few outliers at the high extremes.
discussion
This study demonstrated three key results. First, that bacteria in the 
temperate freshwater lakes and in cultures experiencing P-limitation 
were not enriched in either N or P relative to the Redfield ratio. This 
result is inconsistent with the idea that these organisms provide an 
important reservoir for nutrients such as N and P in the freshwater 
ecosystems. However, it does suggest that bacteria are more impor-
tant than often assumed in regenerating nutrients, particularly P, 
in freshwater systems due to their low nutrient content and high 
metabolic rates (del Giorgio et al., 1997). This point is further 
emphasized by the culture studies that demonstrated that actively 
growing individual isolates from lakes can be extremely deficient 
in nutrients, particularly P.
The second important issue we addressed was whether bacte-
ria in freshwater lakes are more nutrient-rich than other parts of 
the food web. Our observations indicated that lake bacteria were 
slightly more enriched in N and P relative to the total seston pool 
in north temperate lakes but that the bacterial pool and the seston 
pool changed similarly along a trophic gradient in these systems, 
i.e., they had similar slopes but different intercepts.
The third important result was that there was considerably 
more variability in the P content of the microbial pool than that 
of C or N. The distributions in nutrient ratios from the lake 
of bacteria in other studies. Some authors only reported nutrient 
ratios which is what was used in the analyses. Nonetheless, we have 
no way of determining if any of these studies had significant error 
introduced due to detritus.
Regressions and statistical analyses
Rather than examining nutrient ratios by taking means of ratios 
in different systems (individual bacteria, cultures, or lakes), we 
plotted elemental concentrations against each to estimating the 
slope and intercepts. The advantage of estimating stoichiometric 
variables in this way is that the data fit a normal distribution and 
they are less biased by outliers. We used standardized major axis 
(SMA) analyses to fit our data. When there is error associated with 
both measurements of the x and y-axes, this is more appropriate 
than ordinary least squares analyses (Warton et al., 2006).  We 
used a freeware program (SMATR-ver. 2.0; Warton et al., 2006) to 
estimate the slopes and intercepts in plots of C vs. N, C vs. P, and 
N vs. P in different size-fractions and in bacterial cultures. Data 
were log-transformed and tested against a null model that both 
the slope and intercept were equal to a specific value (1; Sterner 
et al., 2008). A slope of one indicates that the x and y variables are 
allocated similarly to each other across the entire range of values. 
We were also able to use this statistical package to determine if 
the nutrient ratios and slopes of the bacterial seston pool differed 
from that of the larger seston (<80 μm). All regression statistics 
(slopes and intercepts) were considered statistically significant 
at p < 0.05.
results
The lake survey in the upper Midwest USA indicated that the bac-
terial size-fraction was similar in N and P relative to C (Figure 1) 
using the Redfield ratio (106C:16N:1P) as a reference. The size-
fractionated microbes had an elemental composition of 102:12:1, 
and a C:N ratio of 7.3:1, also very similar to the Redfield ratio.
To answer the question of whether or not microbes in these lakes 
were nutrient-rich relative to the rest of the plankton, we compared 
two size-fractions (<80 vs. <1 μm filter). In comparing the slopes 
of C:N, C:P, and N:P, we observed common slopes between the 
microbial and the seston size-fractions, suggesting that both of 
these communities of organisms were responding similarly along 
a nutrient gradient. However, in all three cases, the intercepts of 
the plots were significantly different from each other (p < 0.05) and 
in all three cases, the bacterial size-fraction had a lower intercept 
(p < 0.05) than the seston pool (Figure 1), suggesting that the 
bacterial pool was generally more N- and P-rich than the seston 
pool, which had a mean C:N:P ratio of 149:17:1. Lastly, in test-
ing whether the bacterial and seston pools had slopes different 
than 1, we observed significant differences in all cases, except the 
C:N seston pool. In addition, the bacterial C:N slope was slightly 
greater than 1 (1.06; p = 0.032) while the significant slopes in all 
other cases were all less than 1 (bacterial and seston C:P and N:P), 
indicating that bacterial biomass P was increasing along the axis 
relative to both C and N.
To  address  the  potential  variability  in  bacterial  biomass 
stoichiometry of individual bacteria, we grew several bacterial 
isolates at 25% of their maximum growth rates and at a range 
of inorganic P concentrations. This allowed us to see if single Frontiers in Microbiology  |  Aquatic Microbiology    December 2010  | Volume 1  | Article 132  |  4
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One mechanism to explain such variability in P among sys-
tems is that there may be differences in the ability of the micro-
bial flora to substitute other nutrients for P as opposed to N 
when either nutrient is limiting. For instance, it is well-known 
that plants can substitute sulfolipids for phospholipids in mem-
branes (Frentzen, 2004) and a similar substitution has been 
documented in several bacteria (Geiger et al., 1999; Lopez-Lara 
et al., 2003; Souza et al., 2008) and in marine   picocyanobacteria 
survey and also Lake Myravatnet, Norway indicated a more nor-
mal distribution for C:N and fewer high outliers than the C:P 
and N:P distributions, which best fit a log-normal distribution 
(Sterner et al., 2008). Furthermore, in comparing the bacterial 
size-fraction with the larger seston, the C vs. N plots had very 
similar and high r2 values while the C vs. P and N vs. P r2-values 
for the bacterial size-fraction were considerably less than the ses-
tonic size-fraction.
AB
CD
EF
µ
µ
µ
µ
µ
µ
µM µM
µM µM
µM µM
Figure 1 | regressions (SMA) of organic carbon, nitrogen, and phosphorus content in the <1 mm size-fraction [left panels (A,C,e)] and <80 mm seston 
[(right panels (B,D,F)]. Samples were collected in >120 lakes in the Upper Midwest (MN, IA, SD, MI). The red line represents the Redfield ratio of these elements.www.frontiersin.org  December 2010  | Volume 1  | Article 132  |  5
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(Gorham et al., 1983) which perhaps, could contribute to vari-
ation in the ability of microbial flora to substitute S for P in 
membranes.
We examined this idea further using X-ray microanalysis to 
evaluate P and sulfur (S) content of bacteria from Lake Myravatnet 
(Figure 5). Although we did not observe that the C vs. N, C vs. 
P, or N vs. P slopes differed from 1 in any of our measurements, 
there was a statistical difference (p < 0.05; slope = 1.13) in the P vs. 
S slope in this lake. There was also a great deal of scatter in these 
data (r2 = 0.32), but a slope greater than 1 suggests that P and S 
were allocated differently along the axis, perhaps due to different 
bacteria using P and S in lipids to different extents. The substi-
tution of S-lipids for P-lipids and their biogeochemical implica-
tions have been little explored, particularly in freshwaters and its 
relevance to nutrient and organic carbon dynamics needs to be 
further addressed.
Polyphosphate could also produce C:P or N:P outliers, but 
this is most likely on the low end of the biomass C:P range, 
i.e., C:P ratios less than 100 (Jensen and Corpe, 1993; Brown 
and Kornberg, 2004), which we did not observe, suggesting that 
P-minimization, not P-storage, was a more important mecha-
nism. Recent work making direct measurements of poly-P with 
some of the same cultures used in the present study and grown 
at C:P ratios varying from 50 to 1000:1 demonstrated that the 
poly-P pool is not an important storage pool in these organ-
isms. There was a suggestion of some low N:P bacteria in the 
distribution from Lake Myravatnet (Figure 4F) but they were 
not very common.
An important question that addresses the role of bacteria in 
either sequestering or regenerating P, is why you might expect 
the microbial pool to be very P-rich relative to the seston? In the 
(Van Mooy et al., 2009). As much as 30–40% of the phosphorus 
in small cyanobacteria is found in P-lipids so it could be an 
important adaptation to limit this requirement in P-deficient 
systems. Less is known of the importance of sulfolipids to fresh-
water microbes but in the lakes that we surveyed in the Upper 
Midwest, there was great variability in the sulfate   concentrations 
A
B
C
Figure 2 | regressions (SMA) of organic carbon, nitrogen, and 
phosphorus content in bacterial isolates from several lakes in and near 
itasca State Park, MN, uSA (Long Lake, elk Lake, and Lake itasca).
Table 1 | Molar C:N SMA regression data.
Strain  N  r 2  Slope  intercept
Aeromonas sp.  10  0.991  0.822  1.19 (15.5)
Arthrobacter sp.  23  0.997  0.893  1.08(12.0)
Brevibacterium  4  0.980  0.927  0.88 (7 .59)
Cellulomonas cellulans  10  0.998  0.966  0.69 (4.90)
Cellvibrio gilvus  10  0.981  0.902  0.97 (9.33)
Flavobacterium sp.  24  0.990  0.936  0.82 (6.61)
All regressions were significant at p = 0.05. Parenthetical data in the ‘Intercept’ 
column represent the log-transformed estimate of the C:N ratio.
Table 2 | Molar C:P SMA regression data.
Strain  N  r 2  Slope  intercept
Aeromonas sp.  10  0.781  0.527  3.04 (1096)
Arthrobacter sp.  23  0.770  0.392  3.44 (2754)
Brevibacterium  4  0.877  0.383  3.41 (2570)
Cellulomonas cellulans  10  0.921  0.559  2.99 (977)
Cellvibrio gilvus  10  0.931  0.578  3.12 (1318)
Flavobacterium sp.  24  0.787  0.492  3.18 (1514)
All regressions were significant at p = 0.05. Parenthetical data in the ‘Intercept’ 
column represent the log-transformed estimate of the C:P ratio.Frontiers in Microbiology  |  Aquatic Microbiology    December 2010  | Volume 1  | Article 132  |  6
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rates (Elser et al., 2003; Makino et al., 2003; Makino and Cotner, 
2004). What has not been addressed as extensively is the variabil-
ity of these processes among a diversity of lakes and/or marine 
  ecosystems. Possible explanations for variability among freshwater 
and marine ecosystems include: 1. Differences in the strains present 
in different systems, i.e., higher vs. lower uptake or growth rate 
capacities, or 2. Differences in the stoichiometry and lability of C, 
N, and P in different systems. For example, differences in mixing 
depths and allochthonous inputs could affect both the quantity 
and quality of labile carbon, nitrogen, and phosphorus available 
for microbial consumption.
In the present study, we observed that bacteria were more 
N- and P-rich than the overall seston regionally in the upper 
Midwest lake survey, but measurements of six individual strains 
grown at low growth rates (0.25 of μmax) indicated that some of 
these bacteria can be extremely P-poor, with C:P values greater 
than  500:1.  These  observations  suggest  that  bacteria  can  be 
extremely deficient in P, to the point that their P content is much 
less than that predicted by the Redfield ratio. The idea that bacte-
rial communities can also be extremely P-deficient was supported 
by results from the mixed community in Lake Myravatnet that 
indicated that this particular community of bacteria can have 
very low P content as well. Similarly low P values and high N:P 
ratios in bacteria were observed in a Spanish alpine lake (Villar-
Argaiz et al., 2002). We did not observe such low P content in 
the regional study, perhaps, because of less extreme conditions 
and/or less severe P-limitation at a larger spatial scale (Sterner 
et al., 2008).
However,  one  potential  complication  could  be  due  to  the 
way bacteria were sampled in our fieldwork. Using pre-filtration 
through a 1-μm pore-size filter and collection of bacterial bio-
mass on a GF/F filter could have selected a subset of the bacterial 
community that was not representative. For instance, work in our 
own laboratory and others has demonstrated that P-limited bac-
teria tend to increase their length-to-width ratio (Bratbak, 1985; 
Løvdal et al., 2008). Also, it has been demonstrated that bacteria 
growing in pelagic anoxic environments tend to be larger than 
aerobic bacteria in the same lake (Cole et al., 1993) and some of 
these large bacteria are known to have polyphosphate inclusions. 
If pre-filtering removed large bacteria in our samples, it most likely 
would have biased the C:P and N:P measurements down (more 
P-rich) because we sampled only in aerobic waters where large 
bacteria are likely P-poor, but we have no way of knowing the 
extent to which this occurred.
The results of work with cultures may also suggest that although 
aquatic bacteria can be very deficient in P at low growth rates, their 
C:P and N:P ratios in nature are not very far from the Redfield 
ratio, perhaps because the bacteria in most of the upper Midwest 
lakes were either growing faster than we had them growing in che-
mostats or had higher P cell quotas than the strains we examined 
in chemostats. The dilution rates we used in the present study 
varied from 1.2 to 2.4 d−1 which are low, but certainly not the 
lowest growth rates that have been used to examine bacterial bio-
mass stoichiometry. Løvdal et al. (2008) examined the elemental 
content of the marine bacterium Vibrio splendidus at growth rates 
to ours at 0.5 d−1 and observed similar C:N:P ratios as we did (C:P 
165–317:1). It is difficult to know what the mean growth rates of 
A
B
C
Figure 3 | regressions of organic carbon, nitrogen, and phosphorus 
content in Lake Myravatnet (Bergen, Norway) using X-ray microanalysis: 
(A) C vs. N, (B) N vs. P , and (C) C vs. P .
  scientific literature, it has been mostly assumed that the microbial 
pool is much more nutrient-rich than the remainder of the food 
web but the results presented here suggest more ambiguity in this 
role. The reason that most of the studies in the past suggested that 
the microbial pool is nutrient-rich focused on their high surface-
to-volume ratio (Bratbak, 1993), high affinity for P-uptake (Cotner 
and Wetzel, 1992; Cottrell and Kirchman, 2004) and rapid growth www.frontiersin.org  December 2010  | Volume 1  | Article 132  |  7
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bacteria in natural systems is because of difficulties   measuring 
strain-specific growth in mixed communities. Nonetheless, esti-
mates for whole communities indicate that bacterial growth rates 
in open marine systems vary from 0.05 to 7 d−1 (White et al., 1991; 
Ducklow, 2000) and in freshwater from 0.03 to 1.5 d−1 (White 
et al., 1991) suggesting that, if anything, the dilution rates used in 
our chemostats were on the high end of bacterial specific growth 
rates in nature.
A less-explored topic that could also affect bacterial biomass 
stoichiometry has to do with the lability of their carbon sources. 
A more labile carbon source could increase the competitive abil-
ity of bacteria for P by increasing their ability to take up and 
sequester P (Cotner and Wetzel, 1992). In freshwater for instance, 
high abundance of macrophytes can contribute labile carbon 
that could increase the competitive ability of bacteria for P and 
consequently their P content (Stets and Cotner, 2008a,b; Williams 
et al., 2009). Other work in lakes with varying   quantities of 
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to be any obvious bias to lower values using X-ray microanalysis 
because our measurements in a Norwegian lake with uncultured 
organisms using this method gave results similar to other lakes and 
much higher than the marine values measured with the same tech-
nique. However, there probably is bias from making measurements 
particularly with batch cultures in exponential growth because 
these organisms would not be P-limited (Elser et al., 2003) and 
whether or not bacteria are P-limited can have profound effects on 
their biomass C:P. It should be noted from our discussion above 
that our culture measurements were biased toward lower P con-
tent possibly due to the fact that we made our measurements in 
chemostats but at relatively slow growth rates whereas most of the 
marine work has been done in batch culture where growth rates 
would be maximal.
It  should  also  be  noted  that  Sterner  et  al.  (2008)  recently 
concluded that trophic state, not whether they are freshwater or 
marine, matters most for stoichiometric differences among aquatic 
systems. If bacteria are not exceptional in this regard, it suggests 
that the higher P content of marine bacteria in the literature could 
be an artifact due to how the measurements have been made. 
A series of novel single cell methods have recently been shown 
to be applicable to stoichiometric analyses of bacteria and it is 
now possible to directly evaluate this question in the absence of 
culture bias.
iMplications
What do these results mean to the biogeochemical functioning of 
bacteria in freshwater? First, it means that the idea that bacteria are 
a disproportionately important reservoir of nutrients relative to the 
seston, especially P, is probably not the case for lake ecosystems. 
The lake survey and culture work also indicated that while bacteria 
were slightly enriched with N and P relative to seston, they were 
not enriched in N or P relative to the Redfield ratio.
Another important implication has to do with how the micro-
bial loop, and in particular, bacteria, function in the context of 
the whole food web. If bacteria are nutrient-rich relative to other 
food web components, it suggests that they may constrain primary 
macrophytes has demonstrated that, in fact, higher   macrophyte 
abundance is associated with increased bacterial production and 
decreased algal   biomass (Rooney et al., 2003), perhaps due to 
increased P acquisition by bacteria due to their higher growth 
rates.
Following this mechanism, one could predict that if labile C 
increases proportionately with trophic state, one might expect 
that bacterial P content should increase disproportionately to 
C. Lake and marine bacteria in culture with a labile C source 
(glucose) and sufficient P can have biomass C:P ratios < 50:1 
(Bratbak, 1985) and can store substantial P as polyphosphate. 
To address this issue from our survey work, we examined the 
dataset to determine whether there might be differences in the 
nutrient content of bacteria related to the trophic state of the 
system. In these lakes, there was a pattern of lower microbial 
C:P at high chlorophyll concentrations, as was also observed by 
Biddanda et al. (2001) and recently by Sterner et al. (2008) in a 
more exhaustive data set including marine systems, suggesting 
that biomass was more P-enriched in more eutrophic systems. 
We tested for differences in slope between C vs. N, C vs. P, and N 
vs. P plots in our lake survey bacterial data and found significant 
differences in all cases. The C:P and N:P had slopes that were less 
than 1 and the C:N plot had a slope greater than 1, suggesting that 
P, but not N content, was increasing along the biomass gradient 
(Figure 1). One explanation could be due to variability in how 
microbes are dealing with low P availability, especially in low P 
systems. For example, there was considerably more variability 
in the C:P and N:P content of the microbial pool at the lowest 
chlorophyll levels, again suggesting inter-system variability in the 
role of microbes in nutrient regeneration in unproductive lakes. 
Differences in bacterial community composition and their ability 
to use non-P-lipid could drive some of this variability but also 
differences in the lability of organic C among different systems 
could be an important factor.
are Marine systeMs different?
The microbial loop concept originated in marine systems so one 
argument that should be addressed is whether or not microbial 
stoichiometry might be “different” in marine vs. freshwater sys-
tems, i.e., perhaps marine bacteria are more nutrient-rich. After 
all, several studies have demonstrated that organic matter in fresh-
waters is often less enriched in N and P than in marine systems 
so, perhaps the microbes are simply reflecting these differences 
(Hecky et al., 1993).
To address this issue, we compiled all of the marine studies with 
similar measurements and compared the mean marine biomass 
nutrient ratios to those measured in freshwater systems (Table 3). 
This analysis showed that marine bacteria were more N- and P-rich 
than freshwater bacteria (Figure 6). The mean C:N ratio was 5.2, 
mean C:P was 54.5, and N:P was 11.7, all considerably less than 
what we measured in lakes and also less than the Redfield ratio. 
One potential complication is that almost all of the published 
measurements in marine systems have been performed on isolates 
grown in the laboratory and measured using X-ray microanalysis 
(Table 3). As we observed in the present study, laboratory cultures 
may have biomass compositions that are very different than the 
communities that they were isolated from. There does not seem 
Table 3 | Studies from literature survey that collected field samples to 
estimate bacterial stoichiometry parameters.
Study  System  Method
Fagerbakke et al. (1996)  Lake Kalandsvatnet  X-ray microanalysis
Biddanda et al. (2001)  MN USA lakes  Filtration
Tezuka (1990)  Lake Biwa  Filtration
Jurgens and Gude (1990)  Lake Constance  Culture/filtration
Hochstadter (2000)  Lake Constance  Filtration
Vadstein et al. (1988)  Lake Nesjovatn  Filtration
Villar-Argaiz et al. (2002)  La Caldera  Filtration
Elser et al. (1995)  ELA, Canada  Filtration
Fagerbakke et al. (1996)  Raunefjorden  X-ray microanalysis
Fagerbakke et al. (1996)  Knebel Vig  X-ray microanalysis
Tuomi et al. (1995)  Raunefjorden  X-ray microanalysis
Vrede et al. (2002)  Raunefjorden  X-ray microanalysis
Thingstad et al. (2005)  Lake Sælenvannet  X-ray microanalysis
Gundersen et al. (2002)  Sargasso Sea  X-ray microanalysiswww.frontiersin.org  December 2010  | Volume 1  | Article 132  |  9
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Figure 6 | Comparison of all marine measurements of microbial 
stoichiometry in a literature survey to the measurements from the 
present survey plus all other freshwater measurements of microbial 
stoichiometry in the literature. Literature used are presented in Table 3.
in the present study was that most often, the bacterial P content 
was similar to that of the larger seston and therefore was not likely 
an important constraint to primary producers. Furthermore, the 
culture work in the present study indicated that bacteria can be 
extremely P-deficient and other work in our laboratory indicates 
that many strains may not even be P-limited at C:P supply ratios 
>250. Nonetheless, the fact that bacterial macronutrient content 
was not very different than that of the seston suggests that there 
could be a great deal of variability in the role that bacteria play in 
this respect. Understanding what environmental factors i.e., tem-
perature (Cotner et al., 2006; Hall et al., 2009), organic carbon 
supply and lability, etc., are most important in ultimately deter-
mining bacterial stoichiometry in nature could have important 
  implications for the role that bacteria play in organic matter deg-
radation and in facilitating primary production.
Several  models  and  reviews  suggest  that  the  conditions 
that should promote competition of autotrophs and bacteria 
for inorganic nutrients are those where labile organic carbon 
availability is high, inorganic nutrient levels are low (Thingstad 
et al., 1997; Cotner and Biddanda, 2002) and bacterial growth is 
limited by the availability of inorganic nutrients. Furthermore, 
the potential role of bacteria to negatively affect algal produc-
tion should be highest when bacterial biomass is comparable to 
that of the phytoplankton, i.e., under more oligotrophic condi-
tions (Biddanda et al., 2001; Cotner and Biddanda, 2002; Danger 
et al., 2007).
However,  demonstrations  of  these  specific  interactions  in 
nature are rare due in part to the difficulty in measuring bacterial 
biomass stoichiometry and the relative amounts and availability 
of organic carbon in natural settings. In lakes, these interactions 
are complicated to a greater extent than in the oceans by allo-
chthonous carbon inputs and macrophyte production. Some 
recent data in an oligotrophic and eutrophic lake in Minnesota 
(Stets and Cotner, 2008a) indicated that competitive effects of 
labile added carbon on algal growth was more pronounced in 
an oligotrophic lake where the bacterial biomass was more nutri-
ent limited. Also, recent work in boreal lakes indicated that a 
higher proportion of bacterial respiration is supported by algal 
sources with increasing chlorophyll concentrations (trophic state; 
McCallister and del Giorgio, 2008) but increasing trophic state 
often means increasing P availability, decreasing potential com-
petitive effects of bacteria.
Another important implication of these results is that bacterial 
biomass stoichiometry, like the seston, can change in response 
to internal or external drivers. In lakes, allochthonous organic C 
and nutrient loading are much higher and more variable than in 
the oceans, generating greater diversity in environmental condi-
tions which could also help explain why lake seston stoichiometry 
tends to be more variable than that of the oceans (Hecky et al., 
1993). Although similar stoichiometric drivers occur in the ocean 
and lakes, shorter hydraulic residence times in lakes necessitates 
more rapid response, emphasizing the role of bacteria. A model 
of phytoplankton biomass incorporating biological stoichiom-
etry provided support for the idea that the Redfield ratio is not 
constant but rather the “optimal” stoichiometry is dictated by 
environmental conditions even in the oceans (Klausmeier et al., 
2004).  Regardless  of  the  underlying  mechanisms,  the  results 
  production through nutrient delivery to autotrophs (Danger et al., 
2007; Thingstad et al., 2008). This has been observed in individual 
lakes, which suggests that bacterial biomass stoichiometry it can 
be a constraint in P-limited lakes or as was recently demonstrated 
in the Arctic Ocean (Thingstad et al., 2008). There are numer-
ous recent studies where it has been demonstrated that there are 
negative feedbacks due to competition for inorganic nutrients 
between bacteria and primary producers (Cotner and Biddanda, 
2002; Sundareshwar et al., 2003). However, the key observation Frontiers in Microbiology  |  Aquatic Microbiology    December 2010  | Volume 1  | Article 132  |  10
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  presented  here  indicate  that  the  paradigm  of  bacteria  as  an 
invariably nutrient-rich component of planktonic ecosystems is 
inaccurate and should be revised. While bacterial biomass C:N is 
relatively static, bacterial biomass C:P is highly variable indicat-
ing that bacteria could act as either a sink or source of mineral 
P in lake ecosystems. Therefore, understanding what controls 
bacterial biomass stoichiometry may lead to new insights into 
the proximate mechanisms that ultimately control or constrain 
larger scale ecosystem processes.
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